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OBJECf IVE — Carbohydrate nutrition during periods of physiological insulin resistance such 
as puberty may affect future risk of type 2 diabetes. This study examined whether the amount or 
the quality (dietary glycemic index [GI] , glycemic load [GL] , and added sugar, fiber, and whole- 
grain intake) of carbohydrates during puberty is associated with risk markers of type 2 diabetes in 
younger adulthood. 

RESEARCH DESIGN AND METHODS— The analysis was based on 226 participants 
(121 girls and 105 boys) from the Dortmund Nutritional and Anthropometric Longitudinally 
Designed Study (DONALD) with an average of five 3-day weighed dietary records (range 2-6) 
during puberty (girls, age 9-14 years; boys, age 10-15 years) and fasting blood samples in 
younger adulthood (age 18-36 years) (average duration of follow-up 12.6 years). Multivariable 
linear regression was used to analyze the associations between carbohydrate nutrition and ho- 
meostasis model assessment-insulin resistance (HOMA-IR) as well as the liver enzymes alanine ami- 
notransferase (ALT) and 7-glutamyltransferase (GGT) (n = 214). 

RESULTS — A higher dietary GI was prospectively related to greater values of HOMA-IR 
(Ptrend = 0.03), ALT (P trend = 0.02), and GGT (P trend = 0.04). After adjustment for sex, adult 
age, baseline BMI, and early life and socioeconomic factors as well as protein and fiber intake, 
predicted mean HOMA-IR values in energy-adjusted tertiles of GI were 2.37 (95% CI 2.16- 
2.60), 2.47 (2.26-2.71), and 2.59 (2.35-2.85). The amount of carbohydrates, GL, and added 
sugar, fiber, and whole-grain intake were not related to the analyzed markers. 

CONCLUSIONS — Our data indicate that a habitually higher dietary GI during puberty may 
adversely affect risk markers of type 2 diabetes in younger adulthood. 



Concern has been raised that the 
commonly advocated low-fat, 
high-carbohydrate diet may be det- 
rimental for the growing number of per- 
sons with impaired glucose tolerance 
even among youths, since it induces post- 
prandial rises in glucose and insulin and 
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may thereby increase the risk the risk of 
developing type 2 diabetes (1,2). Obser- 
vational evidence suggests that dietary 
glycemic index (GI) and glycemic load 
(GL) are related to risk of type 2 diabetes 
(3,4), yet it remains to be determined 
whether the relevance of postprandial 



rises in glucose and insulin extends to 
puberty — a period characterized by a 
physiological insulin resistance (5). 

Chronic postprandial hyperglycemia 
and hyperinsulinemia can also exacerbate 
hepatic insulin resistance: enhanced glu- 
cose uptake by the liver subsequently 
leads to increased hepatic fat accumula- 
tion through upregulated de novo lipo- 
genesis. In fact, hepatic fat accumulation 
is frequently observed in patients with 
insulin resistance or type 2 diabetes (6). 
The liver enzymes alanine aminotransfer- 
ase (ALT) and 7-glutamyltransferase 
(GGT) are commonly used as surrogate 
parameters for hepatic fat content and 
are now recognized as risk markers for 
type 2 diabetes (7,8). Furthermore, pre- 
liminary evidence supports a role of car- 
bohydrate nutrition for hepatic steatosis 
and these indirect markers of liver fat (9). 

This study addressed the hypothesis 
that recurring postprandial glycemic ex- 
cursions during puberty are of specific 
relevance for later risk of type 2 diabetes. 
Since calculated dietary GI is a valid 
predictor of glycemic responses (10,11), 
we postulate that dietary GI estimated 
from 3-day dietary records repeatedly col- 
lected during puberty is a better predictor 
of type 2 diabetes risk in younger adult- 
hood than intakes of dietary fiber, whole 
grain, or added sugar. This hypothesis 
was addressed using data from a cohort 
of healthy young Germans. The homeo- 
stasis model assessment-insulin resis- 
tance (HOMA-IR) index and the liver 
enzymes ALT and GGT was used as risk 
markers of type 2 diabetes. 

RESEARCH DESIGN AND 
METHODS — The present analysis is 
based on data from the Dortmund Nutri- 
tional and Anthropometric Longitudinally 
Designed Study (DONALD), an ongoing 
open cohort study conducted at the Re- 
search Institute of Child Nutrition in Dort- 
mund, Germany (12). This study has 
previously been described in detail (12). 
Briefly, since 1985, detailed data on diet, 
growth, development, and metabolism 
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Table 1 — Demographic, anthropometric, birth, and socioeconomic characteristics by 
sex-specific textiles of dietary glycemic index: DONALD, Germany 









Dietary GI 








n 


Tl 

(n = 75) 


T2 

(n = 76) 


T3 

(n = 75) 


P a 


Female (%) 


226 


53.3 


54.0 


53.3 


1.0 


Early life factors 


Birth year b 


226 


1,986 


1,987 


1,987 


0.3 




Birth length (cm) 


226 


51.7 


51.8 


51.6 


0.8 


Pregnancy duration (weeks) b 


225 


40 


40 


40 


0.4 


Breast-feeding (>2 weeks) (%) c 


226 


74.7 


64.5 


74.7 


0.3 


Data from puberty 


Age (years) b 


226 


9.8 


9.1 


9.9 


0.8 


BMI SDs 


226 


0.16 


0.03 


-0.08 


0.2 


BMI (kg/m 2 ) b 


226 


17.5 


16.6 


16.4 


0.2 


Overweight (%) d 


226 


16.0 


15.8 


12.0 


0.7 


%BF b - e 


226 


16.3 


16.0 


16.2 


0.7 




Socioeconomic factors (%) 


Maternal overweight 8 


222 


27.4 


33.8 


34.7 


0.6 


Maternal education 11 


226 


53.3 


42.1 


45.3 


0.4 


A A 1 * 












Smoking in the household 


221 


20.8 


42.7 


39.2 


0.01 




Age (years) b 


226 


21.9 


22.4 


21.5 


0.5 


%BF bj 


226 


26.9 


27.5 


26.1 


1.0 


Waist circumference (cm) b 


226 


76.7 


76.1 


75.1 


0.8 


ALT (umts/L) b 


214 


14.9 


15.6 


17.7 


0.02 


GGT (umts/L) b 


214 


13.7 


14.7 


16.3 


0.07 


TG (mmol/L) b 


214 


1.09 


1.14 


1.14 


0.7 


Glucose (mmol/L) b 


226 


5.11 


5.11 


5.22 


0.4 


Insulin (mU/L) b 


226 


76.8 


81.5 


81.2 


0.2 


HOMA-IR b 


226 


2.46 


2.52 


2.58 


0.1 


HDL (mmol/L) b 


222 


1.45 


1.47 


1.53 


0.9 


LDL (mmol/L) b 


222 


2.40 


2.38 


2.53 


0.4 



Data are means unless otherwise indicated. T, tertile. "Significant differences between the tertiles were tested 
using ANOVA for normally distributed continuous variables, Kruskal-Wallis test for non-normally dis- 
tributed continuous variables, and x 2 test for categorical variables. b Values are means unless indicated as 
medians. c Breast-feeding categories: £2 vs. >2 weeks of full breast-feeding. d Derived from the age- and sex- 
specific cut points proposed by the International Obesity Task Force, which are linked to the adult cutoff point of 
BMI 25 kg/m 2 (Cole et al, 2000 [ref. 16]). "Calculated according to Slaughter et al. (1988 [ref. 171). 'Derived 
from age-specific cut points proposed by McCarthy et al. (2006 [ref. 181); the 85th percentile of body fat was 
used as cutoff for excess of body fat. g Maternal BMI £25 kg/m 2 . h School education for at least 12 years. 
"Maternal occupation (yes/no). Calculated according to Durnin and Womersley (ref. 19). 



have been collected from > 1 ,300 healthy 
children. Participants are recruited in the 
city of Dortmund and surrounding com- 
munities via personal contacts, maternity 
wards, or pediatric practices. On average, 
40 infants are newly recruited every year 
and first examined at the age of 3 months. 
Each child returns for three more visits 
during the first year, two in the second, 
and then annually until adulthood. Since 
2005, participants over the age of 18 years 
are invited for subsequent examinations 



with fasting blood withdrawal. The study 
was approved by the ethics committee of 
the University of Bonn, and all examina- 
tions are performed with written parental 
and adult participants' consent (12). 

Because of the open cohort design, 
many children had not yet reached youn- 
ger adulthood, and among those who did 
age varied from 18 to 36 years. At the time 
of this analysis, one measurement of in- 
sulin and glucose was available for 319 
participants (mean age 22.7 years), who 



were term (36-43 weeks' gestation) sin- 
gletons with a birth weight &2,500 g. 
ALT and GGT values were available for 
309 participants. Of these, 229 partici- 
pants (for HOMA analysis) and 221 (for 
ALT and GGT analysis), respectively, had 
provided at least two plausible 3-day 
weighed dietary records during the ado- 
lescent baseline period (chronological 
age: girls 9-14 years, boys 10-15 years), 
allowing the estimation of habitual die- 
tary intake. Participants who consistently 
underreported their energy intake (i.e., 
they had provided more implausible 
than plausible food records) were ex- 
cluded from the study (n = 20) (13). 
A 3-day weighed dietary record was con- 
sidered plausible when the total recorded 
energy intake was adequate in relation to 
the basal metabolic rate (13). For inclu- 
sion in the study sample, participants also 
had to have anthropometric measures 
taken in adolescence and adulthood as 
well as information on relevant covariates. 
This resulted in a final sample of 226 par- 
ticipants for analysis of insulin or related 
outcomes and of 214 for the liver enzymes. 

Blood analysis 

Venous blood samples were drawn after 
an overnight fast, centrifuged within 15 
min, and frozen at -80°C in the Research 
Institute. For the present analysis, blood 
samples were transported to the technical 
laboratory of the German Diabetes Center 
to determine serum activities of ALT and 
GGT using the COBAS C311 analyzer 
(Roche, Mannheim, Germany). Serum in- 
sulin concentrations were measured with 
an immunoradiometric assay in the Lab- 
oratory for Translational Hormone Analyt- 
ics in Pediatric Endocrinology at the 
University of Giessen. Based on these values, 
HOMA-IR and secretion (HOMA of 0-cell 
function [HOMA-(3]) were calculated (14). 

Anthropometric measurements 

From the age of 2 years onward, standing 
height is measured to the nearest 0.1 cm 
using a digital stadiometer (Harpenden, 
Crymych, U.K.). Body weight is measured 
to the nearest 100 g with an electronic 
scale (Seca 753E; Seca Weighing and 
Measuring Systems, Hamburg, Ger- 
many). Measurements are taken at each 
visit according to standard procedures. 
Skinfold thicknesses are measured from 
the age of 6 months onward at four 
different sites (suprailiacal, subscapular, 
biceps, and triceps) on the right side of the 
body to the nearest 0.1 mm using a 
Holtain caliper (Holtain, Crosswell, U.K.). 
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Table 2 — Baseline nutritional data by sex-specific tertiles of dietary glycemic index: 
DONALD, Germany 



Dietary GI 
(n = 226 subjects) 





Tl (n = 75) 


T2 (n = 76) 


T3 (n = 75) 


P a 


Dietary GI 


53.4 


56.1 


58.4 


<0.0001 


Total energy (MJ/day) 


7.95 




7.96 


0.5 


Fat (% energy) 


35.4 


36.5 


35.4 


0.2 




Protein (% energy) 


13.4 


13.0 


12.5 


0.0007 


Animal protein 


8.69 


8.10 


7.62 


0.0001 


Vegetable protein 


4.72 


4.88 


4.85 


0.4 


Carbohydrate (% energy) 


51.1 


50.5 


52.1 


0.08 


Added sugar (% energy) 


13.1 


14.2 


17.0 


<0.0001 








6.07 


<0.0001 


From sweets 


6.05 


6.28 


7.16 


0.03 


From other sources 


3.81 


3.92 


3.73 


0.8 


Dietary GL (g) b 


131.0 


131.3 


140.4 


0.02 


Fiber (g/MJ) 


2.63 


2.51 


2.31 


0.0005 


From bread and cereals 


1.30 


1.30 


1.30 


1.0 


From vegetables 


0.55 


0.50 


0.48 


0.06 








0.37 


<0.0001 


Whole grain (g) b 


29.1 


19.2 


16.3 


0.0004 





Data are means unless otherwise indicated. a Significant differences between the tertiles were tested using 
ANOVA for normally distributed continuous variables, Kruskal-Wallis test for non-normally distributed 
continuous variables, and x 2 test for categorical variables. b Values are means unless indicated as medians. 



Waist circumference in younger adult- 
hood was measured at the midpoint be- 
tween the lower rip and the iliac crest to 
the nearest 0.1 cm. Sex- and age-specific 
SD scores (SDs) were calculated for the 
adolescent BMI values using the German 
BMI standards (15). For definition of over- 
weight during puberty, values proposed 
by the International Obesity Task Force 
were used (16). Percentage body fat (% 
BF) for pubescent children was derived 
using the equations of Slaughter et al. 
(17), and excess body fatness was defined 
according to the %BF standard (18). For 
estimation of %BF in adulthood, equa- 
tions of Durnin and Womersley were 
used (19). 

Dietary assessment 

During 3 days, the participants or their 
parents weighed and recorded all foods 
and beverages consumed as well as left- 
overs to the nearest 1 g using electronic 
food scales (initially, Soehnle Digita 8000; 
Leifheit, Nassau, Germany; now, WEDO 
digi 2000; Werner Dorsch, Munster/ 
Dieburg, Germany). For this analysis, die- 
tary variables were calculated as individ- 
ual means of the 3-day weighed dietary 



records using LEBTAB (20), the in-house 
database. As we aimed to describe the ha- 
bitual dietary intake, an individual aver- 
age intake during puberty was calculated 
from at least two records (average of 5 
records per participant). 

Each carbohydrate-containing food 
recorded in the dietary records was 
assigned a published GI value (21) (based 
on glucose as a reference food) according 
to a standardized procedure (22). The 
carbohydrate content (in grams) of each 
consumed food was then multiplied by 
the food's GI to obtain the respective 
GL. The overall dietary GI is obtained by 
dividing total daily GL by total daily car- 
bohydrate intake. 

The following foods were defined as 
added sugars: white sugar, brown sugar, 
raw sugar, corn syrup, corn syrup solids, 
high-fructose corn syrup, malt syrup, 
maple syrup, pancake syrup, fructose 
sweetener, liquid fructose, honey, molas- 
ses, anhydrous dextrose, and crystal dex- 
trose (23). Fruit syrups commonly used 
as sweeteners in Germany also were con- 
sidered added sugars. Dietary fiber con- 
tent was calculated using the LEBTAB 
database. Whole-grain intake was estimated 



by assigning whole-grain content in grams 
to each carbohydrate-containing food us- 
ing the respective recipe and ingredient 
information available at the time of record- 
ing. The definition of whole grain fol- 
lowed the whole-grain label statements 
of the U . S . Food and Drug Administration 
(24). 

Statistical analysis 

Baseline characteristics of the study pop- 
ulation are presented by sex-specific ter- 
tiles of dietary GI. Tests for differences 
between these tertiles were performed 
using ANOVA for normally distributed 
continuous variables, Kruskal-Wallis test 
for non- normally distributed continuous 
variables, and x 2 test for categorical vari- 
ables. 

For analysis of the prospective asso- 
ciation between carbohydrate nutrition 
during puberty and risk markers for type 
2 diabetes in younger adulthood, multi- 
variable linear regression models were 
used. As the outcome variables were not 
normally distributed, HOMA-IR was log 
transformed prior to analysis, and liver 
enzymes ALT and GGT were log trans- 
formed twice to obtain normal distribu- 
tion. All dietary variables except dietary 
GI were energy adjusted using the re- 
sidual method. To account for age- 
dependent nutritional differences, we 
standardized all variables by age-group 
and sex (mean ± SD 0 ± 1). 

Covariates considered as potentially 
affecting the association between carbo- 
hydrate nutrition and risk markers of type 
2 diabetes were birth weight, gestational 
age, breast-feeding for >2 weeks, first- 
born child (yes/no), BMI SDs or %BF at 
baseline, maternal overweight (BMI >25 
kg/m 2 ), high maternal educational status 
(^12 years of schooling), maternal occu- 
pation (yes/no), smoking in the house- 
hold, parental history of diabetes (yes/no 
[questionnaire based]), physical activity 
level (light, moderate, or high [question- 
naire based]), and intakes of protein (to- 
tal, animal, or vegetable) and fat (total and 
saturated fat). Vice versa adjustment for 
added sugar, fiber, and GI was also con- 
sidered. Each potential confounder was 
initially examined separately and in- 
cluded only if it 1) substantially altered 
the association of the principal dietary 
variables with the outcome in the unad- 
justed models (>10%), 2) significantly 
predicted the outcome, or 3) improved 
the coefficient of determination (>5%). 
In the basic model (model A), sex and 
age were included, since age at blood 
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Table 3 — HOMA-IR in younger adulthood by tertiles of carbohydrate nutrition parameters during puberty 







HOMA-IR (n = 226) 








Tl 


T2 


T3 


f trend 


Carbohydrate (energy %) 












Model B 


2.48 (2.24-2.75) 


2.53 (2.31-2.77) 


2.41 (2.18-2.65) 


0.6 




Glycemic Index 


Model B 


2.37 (2.16-2.60) 


2.47 (2.26-2.71) 


2.59 (2.35-2.85) 


0.03 


Conditional model 


2.39 (2.19-2.61) 


2.49 (2.28-2.72) 


2.54 (2.32-2.79) 


0.09 


Glycemic load 


Model A 


2.58 (2.35-2.82) 


2.52 (2.30-2.75) 


2.64 (2.41-2.89) 


0.6 


Model B 


2.46 (2.23-2.72) 


2.38 (2.17-2.61) 


2.57 (2.34-2.83) 


0.4 












Added sugar (energy %) 


Model A 


2.61 (2.39-2.86) 


2.64 (2.41-2.89) 


2.48 (2.26-2.71) 




Model B 


2.57 (2.32-2.86) 


2.57 (2.34-2.82) 


2.29 (2.07-2.54) 


0.3 


Added sugar from drinks (energy %) 


Model A 


2.71 (2.47-2.96) 


2.52 (2.30-2.76) 


2.51 (2.29-2.75) 


0.8 


Model B 


2.64 (2.39-2.92) 


2.45 (2.23-2.69) 


2.35 (2.13-2.60) 


0.5 












Fiber (g/1,000 kcal) 


Model A 


2.67 (2.44-2.92) 


2.65 (2.43-2.90) 


2.41 (2.20-2.64) 




Model B 


2.51 (2.29-2.77) 


2.56 (2.34-2.80) 


2.36 (2.15-2.60) 


0.4 




Whole grain (g/1,000 kcal) 


Model A 


2.60 (2.38-2.85) 


2.61 (2.38-2.85) 


2.52 (2.30-2.76) 


0.8 


Model B 


2.42 (2.20-2.66) 


2.56 (2.34-2.80) 


2.45 (2.23-2.69) 


0.9 


Conditional model 


2.38 (2.17-2.60) 


2.56 (2.35-2.79) 


2.47 (2.26-2.71) 


0.7 



Values are means (95% CI) unless otherwise indicated. Model A, adjusted for sex, age (categorical: £19, >19, £25, and >25 years), and energy (residuals). Model B, 
model A plus early life factors (firstborn), BMI SDs at baseline, socioeconomic factors (maternal education), and nutritional factors (carbohydrate, GI, GL, and sugar 
adjusted for fiber and protein; fiber adjusted for GI and protein). Conditional model, additional inclusion of waist circumference in younger adulthood in model B. 



withdrawal in younger adulthood varied 
considerably (18-35 years). In a second 
model (model B), we further adjusted for 
early life and socioeconomic as well as 
other nutritional factors. Finally, we 
ran a conditional model (additionally in- 
cluding waist circumference in younger 
adulthood) to assess whether the ob- 
served associations are partly attributable 
to effects of carbohydrate nutrition on 
body composition. Verification of the lin- 
ear regression modeling assumptions 
showed that these were appropriate for 
the analyzed longitudinal data. 

As associations between carbohy- 
drate nutrition and risk markers of type 
2 diabetes did not differ by sex (P for in- 
teraction >0.2), data were pooled for 
analysis. The adjusted means are presen- 
ted by tertiles with the corresponding 
95% CIs. P values <0.05 were consid- 
ered statistically significant. All statistical 
analyses were carried out using SAS 



procedures (version 9.1.3; SAS Institute, 
Cary, NC). 

RESULTS — Subjects who were ex- 
cluded from the study sample because of 
missing information (dietary intake data 
or covariates) (n = 93) did not differ from 
those included in = 226) with respect to 
early life factors or anthropometric or 
metabolic characteristics in younger 
adulthood (data not shown). 

Participants with a higher dietary GI 
during adolescence were more likely to be 
exposed to smoking in the household 
(Table 1). There were no other differences 
in anthropometric, early life, or socioeco- 
nomic factors during puberty between the 
dietary GI tertiles. Regarding data from 
younger adulthood, participants with 
a higher dietary GI during puberty had 
higher ALT and GGT values (Table 1). 
In terms of nutritional intake data during 
puberty, those in the higher dietary GI 



tertiles consumed less (animal) protein, 
(fruit) fiber, and whole grain, as well as 
more added sugar, especially from drinks 
(Table 2). 

The amount of carbohydrates, dietary 
GL, added sugar, fiber, and whole-grain 
intake during puberty was not associated 
with HOMA-IR in younger adulthood 
(Table 3). A higher dietary GI during pu- 
berty was prospectively related to higher 
values of HOMA-IR in multivariable anal- 
ysis (P for trend = 0.03 [model A]). This 
association was not explained by baseline 
BMI, early life or socioeconomic factors, 
or protein or fiber intake (P for trend = 
0.03 [model B]). No prospective associa- 
tions were observed between carbohy- 
drate nutrition and HOMA-|3 (P for 
trend a 0.2) (data not shown). 

A higher dietary GI was also indepen- 
dently associated (adjustment for baseline 
BMI and socioeconomic and nutritional 
factors) with higher values of both ALT 
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(P for trend = 0.02 [model B]) and GGT (P 
for trend = 0.04 [model B]) (Fig. 1). 
Amount of carbohydrates, dietary GL, 
total added sugar, dietary fiber, and 
whole-grain intake were not related to 
liver enzymes. Higher intakes of added 
sugar from drinks during puberty were 
independently related to higher levels of 
GGT in adulthood (P for trend = 0.04 
[model B[) (data not shown). 

We also examined the association 
between carbohydrate nutrition and fast- 
ing insulin levels; similarly, this analysis 
revealed a prospective positive relation 
for dietary GI only (P for trend = 0.045). 
Further adjustment for breast-feeding sta- 
tus, birth weight, physical activity level, 
or parental history of type 2 diabetes did 
not change any of the results. 

The additional inclusion of waist 
circumference in adulthood attenuated 
the associations between dietary GI and 
risk markers of type 2 diabetes toward a 
trend (conditional model [Table 3]). The 
corresponding mean predicted ALT and 
GGT values in sex-specific tertiles of GI 
were 16.7 units/L (95% CI 15.3-18.4), 
16.3 units/L (15.0-17.8), and 18.0 
units/L (16.4-19.9) (P for trend = 0.07) 
and 14.1 units/L (12.7-15.7), 14.0 units/L 
(12.6-15.5), and 16.6 units/L (14.8-18.7) 
(P for trend = 0.09), respectively. 

CONCLUSIONS— This study pro- 
vides new epidemiological evidence of a 



detrimental role of postprandial glycemic 
excursions during puberty for risk mark- 
ers of type 2 diabetes in younger adult- 
hood. Dietary GI was the only feature of 
carbohydrate nutrition that was consis- 
tently related to different diabetes risk 
markers. As a low-GI diet is characterized 
by an average of ^45 (25), the dietary GI 
in the present sample (56.0 ± 2.4) can be 
considered moderate. 

The association between dietary GI 
and diabetes risk seen in our study is in 
accordance with observational evidence 
in adulthood linking dietary GI to risk of 
developing type 2 diabetes (3,4). Our 
study is, however, the first to suggest 
that this association emerges already dur- 
ing puberty. In view of the relatively large 
95% CIs, the observed associations have 
to be interpreted cautiously. In our 
study, a 5-unit increase of dietary GI 
was accompanied by a 9% increase in 
HOMA-IR and an 11% increase in ALT 
values. This is in line with evidence 
from large observational studies, where 
moderate GI differences between extreme 
quantiles were also associated with rela- 
tively large differences in type 2 diabetes 
risk (3). Importantly, there was no strong 
correlation between HOMA-IR, ALT, and 
GGT in our study (r <0.4), which argues 
against the possibility of chance findings. 

Of note, the relation between dietary 
GI and diabetes risk markers appeared to 
be partly attributable to body composition, 
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Figure 1 — ALT (units/L) (A) and GGT (units/L) (B) levels in younger adulthood by energy- 
adjusted tertiles of dietary glycemic (GI) (mean dietary GI across tertiles [T]: tertile 1, 53.5; 2, 
56.2; and 3, 58.5) during puberty (baseline) for 214 subjects. Data are geometric means (95% CI) 
adjusted for sex, age (categorical ^19, >19, &25, and >25 years), BMI SDs at baseline, so- 
cioeconomic factors (maternal overweight), energy (residuals), and protein and fiber intake. See 
the text for results from the conditional model additionally considering waist circumference in 
younger adulthood. Note that the slight U-shape in A results from illustration of least square 
means by GI tertiles, the association is linear, and all assumptions of linear regression modeling 
are met. (See the statistical analysis.) 



since associations were attenuated toward 
a trend in the conditional model. None- 
theless, a trend was maintained, suggest- 
ing an additional mechanism independent 
of body composition. In fact, a previous 
analysis of ours did not reveal an inde- 
pendent association between GI during 
puberty and body composition in younger 
adulthood (26). Another mechanism by 
which dietary GI may affect diabetes risk 
independently of body composition is 
oxidative stress: Increased postpran- 
dial glycemia can exert prooxidative 
and proinflammatory effects (27). 
Hyperglycemia-induced oxidative stress 
could impair mitochondrial function 
(28). In turn, impaired mitochondrial 
function may cause both hepatocyte in- 
jury and subsequently increased release 
of ALT and GGT (28) and contribute to 
insulin resistance independently of he- 
patic lipid content (29). Moreover, exces- 
sive postprandial glycemia increases the 
strain on (3-cell mass, which can be partic- 
ularly detrimental in a phase of decreased 
insulin sensitivity such as puberty (30). 
Our data indicate a long-term relevance 
of dietary GI for both systemic and hepatic 
insulin resistance, as reflected by associa- 
tions with HOMA-IR and insulin as well as 
GGT and ALT. Moreover, in our healthy 
sample, habitual dietary GI seems to be of 
long-term relevance for insulin sensitivity 
only, since GI was not prospectively 
related to (3-cell function (e.g., HOMA-(3). 

The results of our study dismiss the 
relevance of total carbohydrate intake for 
later insulin sensitivity and corroborate the 
rising awareness that carbohydrate quality 
is more important for risk of type 2 diabetes 
than carbohydrate quantity — at least for 
healthy persons. We cannot, however, 
exclude the possibility that lower carbohy- 
drate intake may offer some benefits for 
obese adolescents, since they cannot adapt 
appropriately to high-carbohydrate diets 
by increasing their insulin sensitivity and 
may, hence, need to increase insulin secre- 
tion further (31). 

We observed no prospective associa- 
tion between consumption of added 
sugar from drinks or fiber intake and 
adult type 2 diabetes risk markers except 
for an association between added sugar 
from drinks and GGT. Observational 
studies in adults support a relation of 
both consumption of sugar-sweetened 
beverages (32) and cereal fiber (33) to 
type 2 diabetes risk, while mechanistic 
studies point to specific benefits of vis- 
cous fiber on insulin sensitivity (34). 
This discrepancy may to some degree 
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result from residual confounding. In the 
present analysis, confounding is less 
likely because the DONALD population 
is comparably homogeneous with a 
higher socioeconomic status. In addition, 
benefits of higher fiber intakes are partly 
attributed to lower postprandial glyce- 
mia. This response is, however, better de- 
scribed by dietary GI: In a recent study 
using 121 foods and 13 meals, postpran- 
dial glycemia was related to GI and GL but 
not fiber content (35). It is therefore pos- 
sible that exposure to postprandial glyce- 
mia during puberty (as estimated by 
dietary GI) is of particular relevance for 
diabetes risk in younger adulthood, 
whereas other mechanisms linking fiber 
intake to diabetes risk become more im- 
portant in later adulthood. 

The main strengths of our study are 
its prospective design and the detailed 
repeated measurements of dietary intake 
during puberty. Assessment of dietary 
intake during puberty is notoriously dif- 
ficult, but the present analysis was based 
on an average of five dietary records 
during puberty (range 2-6 per partici- 
pant), which allowed estimation of habit- 
ual dietary intake. Comparisons of our 
carbohydrate-intake data with other stud- 
ies in adolescents showed similar intake 
levels with respect to total carbohydrate, 
added sugar (36,37), and dietary GI (38). 
The availability of data on several poten- 
tial confounders, such as parental charac- 
teristics, including self-reported parental 
history of type 2 diabetes, further 
strengthens our analysis. However, we 
cannot preclude residual confounding, 
resulting from imprecisely measured or 
unmeasured confounding factors. Impor- 
tantly, only crude questionnaire-based data 
were available for physical activity levels. 

Our study also has several limitations. 
First, risk markers of type 2 diabetes were 
only measured once in younger adult- 
hood. Second, the relatively elaborate 
DONALD study design results in a socio- 
economic status above average, and ex- 
tremes of diet or behavior might not be 
represented, which is likely to introduce 
selection bias. Thirdly, estimation of the 
dietary GI from the GI values of individual 
foods is discussed controversially (10,39). 
However, in contrast to most epidemiolog- 
ical studies using food-frequency question- 
naires, the GI estimates in this study stem 
from direct assignment of GI values to all 
carbohydrate-containing foods recorded 
during 3 days (22). 

Relating our results to those from 
other studies, the lack of data on the 



longer-term influence of adolescent nu- 
trition on later health becomes very evi- 
dent. Our study provides new evidence 
for a long-term impact of postprandial 
glycemic excursions during puberty on 
later diabetes risk. The absence of such 
associations for other measures of carbo- 
hydrate quality suggests that advice fo- 
cusing solely on dietary fiber and added 
sugar intake is insufficient. Further large- 
scale studies, preferably in at-risk popu- 
lations (e.g. , overweight or insulin-resistant 
adolescents) are needed to support the 
present findings and confirm their public 
health relevance. 

In conclusion, our data indicate that a 
habitually higher dietary GI during pu- 
berty may adversely affect risk markers of 
type 2 diabetes in younger adulthood. 
Advice for preferred selection of low-GI 
carbohydrates during puberty may need 
to be incorporated into preventive dietary 
recommendations given to adolescents. 
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